Purpose Clinical observations suggest that endplate shape and size are related to complications of disc arthroplasty surgery. Yet, the morphology of the vertebral endplate has not been well defined. This study was conducted to characterize the morphology of lumbar vertebral endplates and to quantify their morphometrics using radiographic, visual and digital measures. Methods A total of 591 vertebral endplates from 76 lumbosacral spines of men were studied (mean age 51.3 years). The shape of the vertebral endplates was classified as concave, flat and irregular, and was evaluated from both radiographs and cadaveric samples. Each endplate was further digitized using a laser scanner to quantify diameters, surface area and concavity for the whole endplate and its components (central endplate and epiphyseal rim). The morphological characteristics and morphometrics of the vertebral endplates were depicted. Results In both radiographic and visual assessments, more cranial endplates (relative to the disc) were concave and more caudal endplates were flat at all disc levels (p \ 0.001). On average, the mean concavity depth was 1.5 mm for the cranial endplate and 0.7 mm for the caudal endplate. From L1/2 down to L5/S1 discs, the vertebral endplate gradually changed into a more oval shape. The central endplate was approximately 70 % of the diameter of the whole endplate and the width of the epiphyseal rim varied from 3 to 7 mm. Conclusions There is marked morphological asymmetry between the two adjacent endplates of a lumbar intervertebral disc: the cranial endplate is more concave than the caudal endplate. The size and shape of the vertebral endplate also vary considerably between the upper and lower lumbar regions.
Introduction
The interface between the vertebral trabeculae and intervertebral disc is the endplate, which comprises the cartilaginous endplate and osseous endplate [1] . The osseous endplate virtually is the shell of the vertebral body and, thus, is also called the vertebral endplate. A vertebral endplate consists of the epiphyseal rim, which is a ring of smooth bone at the peripheral margin of the endplate, and the central endplate, which is the central portion of the endplate. The epiphyseal rim is relatively solid and strong, as compared to the thin and porous central endplate [2] .
The endplate is important in maintaining the integrity and functions of the intervertebral disc [3] , and its morphology, which is less well known, could have practical relevance, such as for disc arthroplasty. It has been suggested that endplate morphometrics, especially the degree of concavity and concordance between the two endplates adjacent to a disc, may be important to artificial disc design [4] [5] [6] . Furthermore, endplate shape has been linked to clinical outcomes of disc arthroplasty [7] . Yet, in vivo standard radiological approaches may not be able to fully depict endplate morphology. While literature on the size of the endplate and its components is sparse [8] , detailed reference data of vertebral endplate morphometrics by spinal level could be of important clinical significance in improving the technical success and longevity of disc arthroplasty.
The purposes of this study were to describe the morphological characteristics of the lumbar vertebral endplates from radiographs and cadaveric vertebral bones, and to determine the geometry of the endplate and its components using digital measures.
Materials and methods

Samples
We had access to a lumbar spine archive comprising 149 Caucasian cadavers of men who had passed away in the hospital wards [9] . The inclusion criteria for this archive were men below the age of 64 years, who had been employed before death and whose history of illness was short. Exclusion criteria were chronic illness or long hospitalization and death from cancer or infectious diseases. After a routine autopsy examination of the lumbar spines, anterior-posterior (AP) and lateral radiographs were taken with spines in situ. Then, the lumbosacral vertebrae were dissected and soft tissues around the vertebrae were removed. The vertebral bones were dried spontaneously under a well-ventilated fume hood at room temperature. Together with radiography films, the dried vertebrae were archived for later visual and digital assessments [9] .
In designing a series of studies of which this study was a part, a primary interest was to explore associations between endplate morphometrics and disc degeneration and back pain. Thus, we selected lumbar spines from the archive based solely on the availability of low back pain history data and disc degeneration data. All the spines with data of both back pain history and disc degeneration were included in the current study, irrespective of the presence or absence of low back pain or disc degeneration. Low back pain data were acquired for only 84 of the subjects, as contact of a family member was required, and 8 were excluded due to missing disc degeneration data, which left a sample of 76 lumbosacral spines included in the current study. Some of the vertebrae in the selected spines were lost in preservation, leaving 266 cadaveric lumbar vertebrae (L1-L5) and 69 sacral vertebrae (S1) in the current sample. In the radiographic and visual endplate assessment, there were 600 endplates (264 cranial endplates and 336 caudal endplates) studied. In digital measurements, 9 endplates were excluded because of poorly scanned images, leaving a total number of 591 vertebral endplates (264 cranial endplates and 327 caudal endplates). The mean age of the sample was 51.3 years (range 21-64 years). In the current study, we specify the vertebral endplates as cranial or caudal, with respect to the intervertebral disc. The study was approved by the health research ethics board of the author's institute.
Radiographic assessments
Both radiographic and visual assessments were performed by an orthopedic surgeon (Y.W). Using the lateral radiograph of the lumbar spine, the endplate shape was classified as: concave if the lateral endplate image demonstrated a smooth concave curvature; flat if the endplate appeared as approximately a straight line and no apparent curvature was seen; or irregular if the endplate appeared convex, jagged or rough due to intensive calcification. In addition, a special endplate curvature on the AP radiograph, the Cupid's bow contour ( Fig. 1) , was evaluated as present or absent. This Cupid's bow contour is a parasagittal concave curvature similar to a bow and is thought to be a normal endplate curvature variation [10] .
Visual assessments
In line with radiological assessments, the endplates were also visually classified into three basic shapes: concave if the central endplate was lower as compared to the epiphyseal rim, typically with an apparent curvature; flat if the Fig. 1 The AP radiograph of a lumbar spine shows the Cupid's bow contour at the cranial endplates of L4/5 and L5/S1 intervertebral discs For the radiographic and visual assessments, a random sample of 124 endplates was re-evaluated 1 week later. Kappa statistics were used to examine the intra-rater reliability.
Digital measurements
Laser scanning and image processing Each vertebral endplate was scanned using a Konica Minolta non-contact three-dimension (3D) digitizer (VIVID 910, Konica Minolta Sensing Americas, Inc., Ramsey, NJ, USA) to acquire surface geometric parameters. This 3D line triangulation scanner is a high-speed, highly accurate laser scanning system to digitize the surface geometry of a targeted object.
Using the telescopic lens and the high accuracy mode (precision 8 lm, 640 9 480 pixels, input time 2.5 s), all scans were performed under the following standard conditions: the camera positioned horizontally on a table with a height of 1.5 m; the vertebra placed vertically in an adjustable holder at a stand-off distance of 0.6 m, with the endplate facing the camera lens and ambient room lighting used. According to the pre-scan images, the position of the vertebra was adjusted to obtain the best image for the endplate. Both endplates of a lumbar vertebra were scanned. The scanner was operated via a computer using the affiliated program Polygon Editing Tool (PET, version 2.21). Unneeded vertebral components in the acquired 3D virtual images, such as the posterior elements and osteophytes, were deleted using the PET program, leaving only the vertebral endplate. In brief, the vertebral endplate was scanned into a total number of 30,000-50,000 digital points, each with a 3D coordinate. Based on the digital data, a 3D image was generated for each endplate to measure its surface geometry.
Measurement of endplate geometry
AP and transverse diameters (mm) and circularity For both the whole endplate and the central endplate, the AP diameter was measured from the mid-sagittal plane.
The transverse diameter was defined as the maximal distance in the coronal plane (Fig. 2) . For the epiphyseal rim, the anterior and posterior widths were measured from the mid-sagittal plane and the lateral width was acquired from the right side in the coronal plane (Fig. 2) . The endplate circularity was defined as the ratio of the AP diameter to the transverse diameter. It reflects the axial shape of the endplate, without taking the concavity into account. The circularity of a circle is 1.
Surface area (cm
2 ) The measurement of surface area was provided by the PET program directly. With the aim of acquiring specific area measurements for endplate components, the 3D image of each endplate was further partitioned into the central endplate and the epiphyseal rim by manually segmenting the regions of interest along the boundary between them (Fig. 2) . The corresponding images were saved separately and the surface areas were acquired for the whole endplate, the central endplate and the epiphyseal rim.
Concavity (mean depth, mm) A 3D graph software Dplot (version 2.2.6.3; HydeSoft Computing LLC., Vicksburg, MS, USA) was further used to measure the concavity of the endplate. After reconstructing the 3D endplate plots, an axial reference plane was defined using three points from Three points from the epiphyseal rim, one each from line AA 0 , CC 0 and DD 0 , were used to define an axial reference plane for measuring the concavity of the endplate. The central endplate and the epiphyseal rim were later radiologically separated (dash line) to measure their surface areas the epiphyseal rim (one anterior point from the mid-sagittal plane, two lateral points from the coronal plane, Fig. 2 ). Between the axial reference plane and the endplate surface was the concavity space. The Dplot program provided a series of concavity measurements such as volume, mean depth and depth variations. In the current study, only the mean depth was used to indicate the magnitude of endplate concavity. If an endplate was evaluated as flat or irregular in visual assessment, the concavity depth was defined as zero.
The reliability, validity and precision of laser scanning for recording surface geometry are well established [11, 12] . In addition, a random sample of 30 endplates was measured twice to examine the intra-rater reliability, using intra-class correlation coefficients (ICC).
Statistical analysis
Descriptive statistics were used to depict the geometry of the endplate and its components. v 2 test was used to compare the prevalence of endplate shapes resulting from categorical radiographic and visual assessments. Pearson correlation coefficient was used to indicate the criterion validity of radiographic endplate shape evaluation, referring to visual assessments. Multiple comparisons were tested using ANOVA and Bonferroni test. To describe the changes of endplate morphometrics in relation to disc level, a trend analysis using a variance-weighted least squares model [13, 14] was used and cranial and caudal endplates were examined together. Shapiro-Wilk test was used to examine the normality of data distribution over subgroups. T tests were used to examine differences for normally distributed data. If data were not normally distributed, nonparametric tests, such as Sign tests, were used. As the endplate shapes were reportedly different in the upper (L1/2, L2/3 and L3/4 discs) and lower lumbar regions (L4/5 and L5/S1 discs) [5] , we further grouped cranial and caudal endplates into upper and lower lumbar regions and compared the degree of endplate concavity. In addition, the difference in concavity of cranial and caudal endplates adjacent to the same disc was further examined using paired t tests or Wilcoxon signed-rank tests by disc level. Statistical analyses were performed using STATA (Version 9.2, StataCorp LP, USA).
Results
Reliability of the measures
The intra-rater reliabilities of the radiographic and visual measures of endplate shape were ''good'' or ''excellent'' (Kappa = 0.66-0.83, Table 1 ), according to Landis and Koch [15] . All the digital measurements were highly reliable (ICC = 0.85-0.98, Table 1 ).
Radiographic and visual assessments
Based on visual assessments, 58.2 % of endplates were evaluated as concave, 33.3 % as flat and the remaining 8.5 % as irregular. The apex of the concavity, if present, was usually located in the posterior portion of the endplate. Overall, 39.8 % of endplates had one concavity apex and 18.5 % had two apexes ( Table 2) .
The radiographic assessments of endplate shape were moderately correlated to the visual measurements (r = 0.53). A substantial percent (29.8 %) of concave endplates, as judged visually, were evaluated as flat in the radiographic assessment. The Cupid's bow contour was observed in 15.7 % (93) of endplates. The bow contour was more common in cranial endplates (87.4 %), and most of them (93.2 %) were at L3/4, L4/5 and L5/S1 discs. Fifty-three (57.1 %) endplates with the bow contour apparent on radiographs had two parasagittal apexes in the visual assessment.
Digital measurements
The whole endplate Overall, the mean size was 35.6 9 51.4 9 1.5 mm (AP diameter 9 transverse diameter 9 mean depth) for the cranial endplate and 35.2 9 50.0 9 0.7 mm for the caudal endplate. The average surface area was 15.7 cm 2 for the cranial endplate and 15.3 cm 2 for the caudal endplate. The measurements for cranial and caudal endplates from different disc levels are presented in Table 3 . When the cranial and caudal endplates were analyzed together, the AP diameters were relatively constant from L1/ 2 disc to L4/L5 disc (trend analysis, p [ 0.05). However, the transverse diameter increased gradually from L1/2 down to L5/S1 disc (trend analysis, p \ 0.001, Fig. 3a) . Therefore, the circularity of the endplate decreased gradually from the upper to the lower lumbar disc, such that the endplates became more elliptical (trend analysis, p \ 0.001, Fig. 3b ).
For the cranial endplates, the mean depth of concavity was significantly greater at the lower lumbar discs, compared with those at upper lumbar regions (t test, p \ 0.001). For the caudal endplates, there was no statistically significant difference in concavity depths between the upper and lower lumbar regions (t test, p = 0.11). The endplates with Cupid's bow contour in radiographs had greater mean depth of concavity than those without (t test, p \ 0.001). The endplate concavity was independent of age and weight (p [ 0.05 for both).
The central endplate and the epiphyseal rim
For the central endplate, the AP diameter was 24.7 ± 2.9 mm and the transverse diameter was 36.3 ± 4.3 mm, which were 70 % and 72 % of the whole endplate diameter, respectively. On average, the central endplate contributed 58 % of the endplate area (Table 3) .
The width of the epiphyseal rim varied considerably at different sub-regions. The rim in the lateral region (7.3 ± 0.1 mm, overall measurement) was wider than that in the anterior region (5.6 ± 0.1 mm, Bonferroni test after one-way ANOVA, p \ 0.001). The narrowest rim was in the posterior region (3.3 ± 0.1 mm), which was statistically significantly less than that in the anterior region (Bonferroni test after one-way ANOVA, p \ 0.001, Table 3 ).
Difference between cranial and caudal endplates
In both radiographic and visual assessments, more cranial endplates were concave and more caudal endplates were flat (v 2 test, p \ 0.001, Table 2 ). Among these concave endplates, the apex pattern was not significantly different between the cranial and caudal endplates (p = 0.19).
Overall, the endplates cranial to the disc had greater mean depth of concavity than the caudal endplates (t test, p \ 0.001). We further compared concavity depth between cranial and caudal endplates adjacent to the same lumbar disc level by level. As data were not normally distributed over subgroups, we used Wilcoxon signed-rank tests, which is an equivalent of a paired t test. For lumbar intervertebral discs from L1/2 to L5/S1, the mean concavity depth of cranial endplate was greater than that of the corresponding caudal endplate (p \ 0.05 for all discs, with the exception of L2/3).
Discussion
The morphology and geometry of lumbar vertebral endplates were described in detail using a large cadaveric sample of men with radiographic, visual and digital measures. There was marked morphological asymmetry between the two vertebral endplates adjacent to the same lumbar intervertebral disc: the cranial endplate was more concave than the corresponding caudal endplate. Moreover, the cranial endplates of lower lumbar discs (L4/5, L5/ S1) were more concave than those in upper lumbar discs. From L1/2 down to the L5/S1 disc, the vertebral endplate gradually changed into a more oval shape. The central endplate was about 70 % of the diameter of the whole endplate and the width of the epiphyseal rim varied from 3 to 7 mm. Conventional radiography alone was not adequate to evaluate the shape of the vertebral endplate.
Previously, the morphological parameters of vertebral endplates have been described for selected lumbar vertebrae [16, 17] or in relatively small samples of cadavers [18] [19] [20] Others measured the shape of the endplate in vivo by sampling one or more sections with CT or MRI [21, 22] . Different from previous morphological studies of the endplate, introducing an accurate laser surface digital technique to measure the endplates allowed not only the quantification of concavity, but also separate measurements of the central endplate and the epiphyseal rim. In accordance with van der Houwen's observation [6] , our study confirmed a morphological asymmetry between the two vertebral endplates bordering the same lumbar disc. In both radiographic and visual assessments, the endplate cranial to the disc was usually concave and the caudal endplate was flat. Specifically, the mean concavity depth of the cranial endplate was on average 0.8 mm greater than that of the caudal endplate and this asymmetry was consistent at all discs. The mechanism underlying the asymmetry, however, remains unexplained. As the cranial endplate is thicker and has greater bone mineral density than the corresponding caudal endplate [23] , mechanical effects alone may not be adequate to explain why the structurally stronger cranial endplate is more concave than the caudal endplate. Moreover, the cranial or caudal endplates from different levels of the same spine were similar to each other, suggesting common determinants of endplate morphology, such as genetics.
Our findings on endplate morphology may have practical implications such as disc arthroplasty. Currently, complications related to fixation of the prosthesis, such as device migration and subsidence, are more commonly reported [24] [25] [26] . It is evident that an ideal artificial disc should mirror the shape of both endplates adjacent to a disc in all three dimensions to obtain a maximal contact area of the prosthesis-endplate interface [27] . Therefore, the incorporation of the endplate morphological characteristics, such as the cranial endplate being more concave than its caudal endplate, into the design of disc prostheses may improve prosthesis stability to prevent loosening and migration. On the other hand, it has been realized that undersized prostheses, which lack the support from the stronger peripheral endplate epiphyseal rim, are the main cause of prosthesis subsidence [25] [26] [27] . The finding that the diameters of the central endplate were about 70 % of that of the whole endplate may provide a reference for artificial disc sizing to obtain support from the epiphyseal rim of the endplate.
The evaluation of the endplate shape using radiographs was only moderately correlated to the ''gold standard'' of visual assessments (r = 0.53). Therefore, despite reasonable reliability (Kappa = 0.78), it may not be valid enough to assess the curvature of the endplate. An endplate is typically concave, more or less. The difference lies in the extent, as was confirmed by our digital measurements. Originally, we speculated that the Cupid's bow contour is the specific radiographic feature of double-apex endplates. However, only approximately half of endplates with Cupid's bow contour on radiographs were identified as double apexes on visual evaluation. As evaluation of the endplate shape using radiography is limited by its twodimensional nature, more advanced approaches, such as high resolution 3D reconstructed CT or MR imaging, are needed for a better understanding of endplate contour and its association with clinical outcomes of disc arthroplasty.
One of the study limitations is that all subjects were men. Although the endplate size may be smaller in women than in men, reportedly there is no difference of endplate concavity between men and women [6] . While samples were selected from the spine archive based on the availability of back pain and disc degeneration data, it is not clear whether the selection introduced bias for the endplate measurements. Another concern is that the visual and digital measurements were obtained from dried specimens, which may be different from those acquired from fresh samples or in vivo. In addition, the endplate concavity was indicated by mean depth. Spatial analyses of the endplate surface may better depict endplate morphology. With respect to study strengths, the sample size was large and the digital measurements were precise. Along with the detailed geometrics of the endplate and its components measured, the finding of the asymmetry between the two adjacent endplates of lumbar intervertebral discs may provide a reference for future disc prosthesis design and disc arthroplasty. 
